Abstract Cellulose is the most abundant polymer in the world and termites are the most important metazoan cellulose processors. Termites are divided into lower and higher termites, with the latter being the most derived and most specious. Although termites are known for their ability to digest wood, members of the family Termitidae (higher termites) are nutritionally diverse in their use of cellulose. This study investigated the evolution of endogenous cellulases in 25 species of higher termites, using phylogenetic inferences from mitochondrial (16S) and nuclear (28S) ribosomal RNA and endo-b-1,4-glucanase sequences. The translated endo-b-1,4-glucanase amino acid order in all 41 sequences obtained showed high similarity to endo-b-1,4-glucanases in the glycosyl hydrolase family 9. The inferred endo-b-1,4-glucanase phylogenetic tree showed congruency with the mitochondrial/nuclear tree, with the fungus-growers being the most basal group and the soil/litter-and wood/ lichen/grass/litter-feeders being the most distal diphyletic feeding groups. The bacterial comb-grower formed a separate clade from the fungus-growers and is sister groups with the soil/litter-and wood/lichen/grass/litter-feeders. There was also a strong diphyletic relationship between endo-b-1,4-glucanases of upper layer soil-feeders and the other soilfeeders. Within the monophyletic wood/lichen/grass/litterfeeding termites' subclade, the nasutitermitines were polyphyletic and a strong diphyletic relationship was observed in the most distal lichen-and the grass/litter-feeders groups.
Introduction
Termites are divided into lower and higher termites, with the latter being the most derived and most specious. Due to the loss of flagellates from their hindgut, higher temites (family Termitidae) depend heavily on endogenous cellulases (endob-1,4-glucanases and b-glucosidases) for cellulose digestion (Slaytor et al., 1997; Ohkuma, 2003; Tokuda et al., 2004) . Kovoor (1970) was the first to suggest that Microcerotermes edentatus Wasmann produce their own cellulase. According to Lo et al. (2011) , endogenously produced cellulases play a major role in termitid metabolism.
Endo-b-1,4-glucanases belong to the glycosyl hydrolase family 9 (GHF9), which comprise four known representatives and 732 components, as listed in CAZy (CarbohydrateActive enZYmes Database, website: http://www.cazy.org). They occur in various insects, such as beetles, flies, cockroaches, and termites (Willis et al., 2010) and are an important component of termite digestion because they randomly hydrolyze the internal b-1,4-D-glycosidic bonds on cellulose and convert it into cellobiose and cello-oligosaccharides (Robson and Chambliss, 1989) . Slaytor (1992) reported that endo-b-1,4-glucanase is active against both crystalline cellulose and carboxymethylcellulose, hence proving that exocellulases are not crucial for cellulose digestion in termites.
The entire sequence of the coding region of Nasutitermes takasagoensis (Shiraki) endo-b-1,4-glucanase, NtEG (GenBank Accession No. AB019146) was first determined by Tokuda et al. (1999) using a PCR-based strategy and found to consist of 10 exons and interrupted by nine introns. The three-dimensional structure of an endo-b-1,4-glucanase from N. takasagoensis was later reported by Khademi et al. (2002) . Based on endo-b-1,4-glucanase sequences from N. takasagoensis, a sea squirt, Ciona intestinalis (Linnaeus) and abalone, Haliotis discus hannai Ino, Lo et al. (2003) suggested that GHF9 was present in the ancestor of all bilaterian animals. Davison and Blaxter (2005) further showed that GHF9 was found in at least five phyla within the Metazoa.
Using endo-b-1,4-glucanase sequences from three species of higher termites [Odontotermes formosanus (Shiraki), N. takasagoensis and Sinocapritermes mushae (Oshima and Maki)], Tokuda et al. (2004) concluded that among the higher termites, the more phylogenetically basal group was Macrotermitinae (fungus-growers), while the more apical groups were Termitinae (soil-feeders) and Nasutitermitinae (woodfeeders). Tokuda et al. (2004) also found that the expression sites of endogenous cellulases in lower termites and O. formosanus were in the salivary glands while in those more phylogenetically distal lineages the expression sites occured in the midgut. Termitids have a wide range of feeding substrates, but there is a paucity of molecular information on endo-b-1,4-glucanases to help us understand the evolution of endogenous cellulose digestion in higher termites. Furthermore, Inward et al. (2007) found that it was impossible to elucidate the evolution of feeding groups within the higher termites using mitochondrial and nuclear markers only.
Hence, the objectives of this study were to elucidate the phylogeny of a representative selection of higher termites with mitochondrial (16S) and nuclear (28S) markers and to isolate, clone, and sequence endo-b-1,4-glucanases and compare their evolution across higher termites of different feeding guilds. We also attempted to determine the phylogenetic placement of the bacterial comb-grower, Sphaerotermes sphaerothorax (Sjoestedt) in the evolution of endogenous cellulose digestion in termitids. The bacterial comb-grower is of particular interest because it is the only species of higher termite known to cultivate bacterial combs and consume the bacterial pellets following bacterial action. Despite their unique feeding habit, how the bacterial combgrower's feeding behavior was derived and where this feeding group falls along the evolutionary line has yet to be investigated. We hypothesized that the bacterial combgrower is phylogenetically transitional between the fungusgrowers and the soil/litter-and wood/lichen/grass/litterfeeders. The overall hypothesis was that the evolution of endo-b-1,4-glucanase would be congruent with the evolution of termites according to the mitochondrial and nuclear markers. We predicted that the endo-b-1,4-glucanase phylogenetic tree would provide clues to understand the evolution of feeding groups within the higher termites.
Materials and methods

Termite species
The 25 higher termite species used in this study and their feeding habits are listed in Table 1 . These termitids were selected because of their differing nutritional biology. Specimens were either obtained fresh from a laboratory population, preserved in ethanol or on Whatman FTA Ò Plantsaver cards (GE Healthcare UK Limited, Buckinghamshire, UK).
Phylogenetic analysis based on mitochondrial and nuclear markers
DNA extraction
DNA from fresh and ethanol-preserved specimens were extracted using Qiagen Ò DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA). Those preserved on Whatman FTA Ò Plantsaver cards were processed according to the methodology of Bujang et al. (2011) .
Polymerase chain reaction
PCR was performed with 16S mitochondrial and 28S nuclear markers as listed in Table 2 . Amplifications were conducted in 50 lL final reaction volumes, each containing 2 lL DNA template, 33.8 lL dH 2 O, 0.04 mM of each dNTP, 50 ng of each primer, 1 U EconoTaq DNA polymerase (Lucigen Corp., Middleton, WI) and 5 lL PCR Buffer (1.675 lL dH 2 O, 1.25 lL 1 M KCl, 1 lL 1 M Tris, 0.5 lL 5 % Tween 20, 0.075 lL 1 M MgCl 2 and 0.5 lL 1 % gelatin) (Innis and Gelfand, 1990) .
For amplification of the 16S gene, an initial denaturation at 94°C for 45 s was followed by a thermocycling profile of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min (40 cycles) and a final extension step at 72°C for 10 min (Ye et al., 2004) before cooling to 4°C. For amplification of the 28S gene segment, a precycle denaturation step at 94°C for 2 min was followed by a thermocycling profile of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min (40 cycles) and a final extension step at 72°C for 10 min before cooling to 4°C.
Visualization and sequencing
The amplified PCR products were electrophoresed on a 1 % Agarose Low EEO electrophoresis grade agar (Fisher Phylogenetic study of endo-beta-1,4-glucanase 31 Scientific, Pittsburg, PA, USA) using TAE (40 mM Trisacetate and 1 mM EDTA) as running buffer and stained with ethidium bromide (EtBr) and visualized by UV transillumination. Amplicons were purified using Wizard Ò PCR Preps DNA Purification System (Promega Corp., Madison, WI, USA) and quantified by comparison with serial dilutions of uncut lambda DNA (Promega Corp.) on 1 % Agarose (Low EEO) (Fisher Scientific, Pittsburgh, PA, USA) electrophoresis using TAE buffer. Finally, purified PCR products were sequenced with M13 primers on an automated equipment by the BioAnalytical Services Laboratory (BASLab), University of Maryland, Baltimore, MD, USA.
Sequence analysis for 16S and 28S
Sequences for each PCR product were edited and assembled using DNA Baser Sequence Assembler (Heracle BioSoft, Pitesti, Romania) and Lasergene Ò SeqMan Pro v7.2.0 (DNASTAR, Inc, Madison, WI) software. Consensus sequences were then aligned using Mega 4.1 software (Tamura et al., 2007) . Sequence similarity or putative sister groups of nucleotide sequences were searched using BLAST (Basic Local Alignment Search Tool) at the National Center for Biotechnology Information, USA (website: http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence variation analysis was performed with Mega 4.1 software. The homogeneity test of base frequencies was conducted using PAUP* 4.0 (Swofford, 2002 , Sinauer Associates, Inc. Publishers, Sunderland, MA, USA). Phylogenetic analyses were done using Bayesian criteria. The appropriate model of DNA substitution for each of the 16S, 28S and their combined dataset was chosen using MODELTEST 3.0 (Posada and Crandall, 1998) . The parameters obtained with Akaike's Information Criterion (AIC) were subsequently used in PAUP* 4.0. Tree inferences and posterior probabilities estimation with Markov Chain Monte Carlo (MCMC) sampling were carried out using MrBayes v3.1.2 software (Ronquist and Huelsenbeck, 2003) for 1,000,000 generations and burnin setting at 1,000. All sites with missing data were regarded as missing characters.
Phylogenetic analysis based on endo-b-1,4-glucanase sequences
Total RNA isolation and cDNA synthesis
The termite hindguts were removed from termites to prevent contamination from the hindgut microbiota. Total RNA was isolated using Aurum TM Total RNA Mini Kit (Bio-Rad Laboratories, Hercules, CA, USA). Messenger RNA was extracted using illustra QuickPrep TM Micro mRNA Purification Kit (GE Healthcare Lifesciences). The first strand cDNA synthesis was performed with iScript TM cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's protocol. Table 2 . The procedure used was the same as previously described, but used a different thermal cycling program. The temperature profile for the first cycle was 94°C for 2 min, 52°C for 2 min, and 72°C for 3 min. For the remaining 44 cycles, the temperature profile was 94°C for 1 min, 52°C for 2 min, and 72°C for 3 min before cooling to 4°C.
Cloning
After electrophoresis of PCR products through a 1 % Agarose Low EEO gel (Fisher Scientific, Pittsburg, PA, USA) followed by EtBr staining and visualization by UV transillumination, amplified cDNA products were gelpurified with Lonza SeaPlaque Ò GTG Ò Agarose (Lonza Rockland, Inc., Rockland, ME, USA) and excised bands were purified using Wizard Ò PCR Preps DNA Purification System (Promega Corp.). The purified fragments were ligated overnight with pGEM Ò -T Vector System I (Promega Corp.) at 4°C and then used to transform into One Shot Ò TOP10 Chemically competent Escherichia coli (Migula) (Invitrogen Corp., Carlsbad, CA). The transformed bacterial cultures were grown overnight at 37°C on Luria-Bertani (LB) medium (15 g Bacto TM Agar, 10 g Bacto TM Tryptone, 5 g Bacto TM Yeast Extract, 10 g NaCl in 1 L volume) containing 100 lg/ml ampicillin (A100) with isopropyl beta-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (Xgal) as an overlay on the agar to enable blue/white colony screening. Fifty isolated white colonies were selected and grown overnight at 37°C on LB A100 media patch plate.
PCR was carried out again on each transformed bacterial colony as described earlier, but using dH 2 O-suspended bacterial cells of each clone as the DNA template. Restriction fragment length polymorphism (RFLP) with restriction enzymes Hinf1 and Mse1 (New England BioLabs, Waverley, MA, USA) was conducted on each amplified product from successfully transformed products to assess polymorphisms. These restriction enzymes were selected after virtual RFLP analysis of endo-b-1,4-glucanase sequences from N. takasagoensis (GenBank Accession No. AB013272) and N. walkeri (Hill) (GenBank Accession No. AB013273) with pDRAW32 1.0 (AcaClone software, http://www.acaclone.com). Digested products were electrophoresed through an 8 % nondenaturing polyacrylamide gel using TBE (90 mM Tris-borate, 2 mM EDTA) as running buffer, stained with EtBr and then visualized by UV transillumination.
Forty-one clones were selected and the recombinant plasmids were grown overnight at 37°C in LB A100 broth. After purification with Wizard Plus Minipreps DNA Purification Systems (Promega Corp.), the plasmids were each quantified by comparison with serial dilutions of uncut lambda DNA (Promega Corp.) in 1 % agarose Low EEO electrophoresis grade agar (Fisher Scientific, Pittsburg, PA, USA). Recombinant plasmid DNA inserts were sequenced with M13 primers on an automated equipment by the Interdisciplinary Center for Biotechnology Research DNA Sequencing Core Laboratory, University of Florida, Gainesville, FL, USA.
Sequence analysis for endo-b-1,4-glucanases
Sequence similarity or putative sister groups of nucleotide and amino acid sequences were searched using Basic Local Alignment Search Tool (BLAST) at the National Center for Biotechnology Information, USA (website: http://blast. ncbi.nlm.nih.gov/Blast.cgi). Nucleotide and amino acid sequence variation analysis was performed with Mega 4.1 software. The homogeneity test of base frequencies was conducted using PAUP* 4.0. Phylogenetic analyses followed the outline described previously using Bayesian criteria. Amino acid sequences were subsequently aligned with Mega 4.1. Catalysis and substrate-binding sites were inferred from Sakon et al. (1997) . Finally, N-glycosylation site search was predicted with N-GlycoSite HCV sequence database (http://hcv.lanl.gov/content/sequence/GLYCOSITE/ glycosite.html) (Zhang et al., 2004) .
Results and discussion
Phylogenetic analysis based on mitochondrial and nuclear markers Partial fragments of about 600 bp for the 16S (GenBank Accession No. JQ429112 to JQ429136) and 700 bp for the 28S (GenBank Accession No. JQ429087 to JQ429111) genes (Table 1) , which provided a total of *1,300 bp characters were sequenced. The results from the inferred tree suggest that fungus-growers are the most phylogenetically basal group, while wood-and soil/litter-feeders are the most derived groups (Fig. 1) . Results also supported earlier findings by Inward et al. (2007) , Legendre et al. (2008) and Engel et al. (2009) , which posited that the family Termitidae is monophyletic. The macrotermitines formed a separate basal clade with strong posterior probability, distal from the other subgroups. Results also suggest that the subfamily Sphaerotermitinae shared a common ancestor with the Macrotermitinae and formed sister groups with the woodand soil-feeding termites. According to the molecular findings by Inward et al. (2007) , the bacterial comb-grower formed a monophyletic group with the soil-feeding Foraminitermitinae. However, based on the morphological data of Engel and Krishna (2004) , they placed Sphaerotermitinae as a sister group to the Macrotermitinae because of a combination of putative plesiomorphic and apomorphic traits.
Moving apically, the monophyly of subfamily Apicotermitinae is consistent with the findings of Inward et al. (2007) . The inferred tree also suggests that the apicotermitines formed a separate subclade distal from other soil/ litter-feeders. A paraphyletic relationship between the soil/ litter-feeders and the wood/grass/lichen/litter-feeders was also revealed. This outcome was in agreement with the results of the study by Donovan et al. (2001) , who outlined the evolution of feeding groups based on gut content analysis and morphological characters of worker termites. They suggested that the ancestor of apicotermitines, termitines and nasutitermitines might have been the soil-feeders, which presumably acquired the hindgut bacterial community from ingested soil.
The termitines were paraphyletic with the syntermitines and nasutitermitines (Fig. 1) , consistent with the findings of Donovan et al. (2001) and Inward et al. (2007) . Instead of nesting within the nasutitermitines as initially expected, the syntermitines were found nesting within the termitines, as was shown by Inward et al. (2007) . Our results also differed from that of Ware et al. (2010) who posited that Syntermes grandis (Rambur) had a more basal phylogenetic placement than the apicotermitines, termitines and nasutitermitines. Finally, these findings departed in some respects from those of Inward et al. (2007) , Engel et al. (2009) and Legendre et al. (2008) regarding the nasutitermitines. Data from this study showed that Nasutitermitinae is polyphyletic, with Subulitermes baileyi (Emerson) falling outside of the otherwise monophyletic Nasutitermitinae group.
Phylogenetic analysis based on endo-b-1,4-glucanase sequences Single PCR products of about 1.35 kb in length from 23 out of 25 species of higher termites were amplified. Based on the RFLP profiles of the clones, 41 different clones were successfully obtained (GenBank Accession No. KC714049 to KC714089). Collectively, the nucleotide and full-length ORFs showed at least 70 % and 64 % similarity, respectively, with Mastotermes darwiniensis Froggatt endo-b-1,4-glucanase and at least 69 and 56 % identity, respectively, with Panesthia cribrata Saussure endo-b-1,4-glucanase. Protein BLAST searches also showed similarity to members of GHF9 family, which contain endo-b-1,4-glucanases from plants, bacteria and slime molds. However, plants and bacteria GHF9 lacks the linker and cellulose-binding domains sometimes found in members of this family (Tomme et al., 1995) . All 41 sequences were found to be consistent with endo-b-1,4-glucanases from other termitids (Tokuda et al., 2004) and lower termites (Watanabe and Tokuda, 2001 ).
All sequences obtained were consistent with the findings of Nakashima et al. (2002) , Davison and Blaxter (2005) and Zhou et al. (2007) in as much as each sequence possesses conserved motifs involved in substrate binding and catalysis as described by Khademi et al. (2002) . These motifs are ''NEVA'' with ''E'' (Glu, glutamic acid) as the proton donor and ''DAGD'' with both ''D''s (Asp, aspartic acid) as the nucleophiles (Supplementary Material). In addition, other important catalytic residues within the conserved regions II [''H'' (His, histidine)] and III (''D'') as shown in Davison and Blaxter (2005) were maintained in these sequences. Sitedirected gene mutation of endo-b-1,4-glucanase from a lower termite, Reticulitermes speratus (Kolbe) by Ni et al. (2010) showed that Asp46, Asp56, Glu411 and G147 are important to conserve enzyme activity. The substrate-binding cleft structure allows random binding on the cellulose chain (Khademi et al., 2002; Zhou et al., 2007) . The start codon, predicted N-linked glycosylation and putative catalytic glutamic acid and aspartic acid residues (proton donor and nucleophile, respectively), as well as other important catalytic residues are shown in the Supplementary Material.
Only a few insertion/deletion events were evident among all 41 sequences. As hypothesized, the inferred endo-b-1,4-glucanase phylogenetic tree (Fig. 2) showed congruency with the mitochondrial/nuclear tree (Fig. 1) . Generally, the fungus-growers were the most basal group and the most distal diphyletic feeding groups were the soil/litter-and wood/lichen/grass/litter-feeders. As many as four paralogous copies from each of the 23 termitid species were obtained, with high degrees of substitutions among some paralogs. The high divergence among these paralogs suggests the involvement of different alleles. Endo-b-1,4-glucanase paralogs from the same species clustered with one another except in the case of O. formosanus, which differed with the findings of Tokuda et al. (2004) . The clustering was probably caused either by gene duplication following a single endo-b-1,4-glucanase, or gene conversion from multiple endo-b-1,4-glucanases (Lo et al., 2011) . Nevertheless, the roles of multiple endo-b-1,4-glucanase gene copies is still unclear, according to Lo et al. (2011) .
In terms of endo-b-1,4-glucanase evolution, fungusgrowers are the most phylogenetically basal group, concordant with the mitochondrial/nuclear data. This was also in agreement with an earlier study by Tokuda et al. (2004) , who showed that in O. formosanus, endo-b-1,4-glucanase is mostly expressed in the salivary glands, as observed in lower termites. There was a strong posterior probability for the monophyly of macrotermitines, although there was poor phylogenetic resolution for endo-b-1,4-glucanase sequences between species, except in the case of Macrotermes carbonarius (Hagen) and M. gilvus (Hagen). According to Lo et al. (2011) , although endogenously produced cellulases are less important in fungus-growers, they are still preserved in the genome.
With the loss of flagellates in the ancestors of the family Termitidae [through abrasion, as proposed by RoulandLefevre and Bignell (2001) ], the macrotermitines' close association with cellulolytic fungi has allowed them to continue to use wood and litter as a raw material in their food production. By relying on fungal symbionts to process their food (Darlington, 1994) , the fungus-growers have some form of an 'external gut' that partially digests cellulose for them. The fungus that grows on fungus-combs were constructed from primary feces (Grassé, 1978) . According to Sands (1969) , this method of fecal reuses substituted for the role of proctodeal feeding. From a nutritional point of view, Sands (1956) found that the exclusion of fungi from O. badius (Haviland) diet caused an effect similar to that when starved. Both the comb and fungi are major sources of food for the fungus-growers (Arshad et al., 1987) .
In the Sphaerotermitinae, our hypothesis that bacterial comb-feeding termites were phylogenetically transitional between fungus-growers and soil/litter-and wood-feeders were rejected. In fungus-growing termites, the fungal symbiont, basidiomycete Termitomyces spp. grows on termite-constructed fungus-combs (made from mylosphere or primary feces) as mycelium or seasonal basidiocarps (Heim, 1977) . According to Garnier-Sillam (1989) , Sphaerotermitinae builds two types of bacterial combs within their nests; the first occurs as a result of primary feces accumulation, while the second is by final feces accumulation (Garnier-Sillam, 1989) . Both types of combs contain nitrogen-fixing bacteria, with the older (lighter) comb containing a significantly higher number of bacteria than the younger (darker) comb (Garnier-Sillam, 1989 ). Just as fungus-growers consume the comb following fungal action, bacterial comb-feeders eat up the light-colored pellets formed by bacterial action. Garnier-Sillam (1989) also reported that one bacterial type is more abundant than the others within the Sphaerotermitinae nest. Four paralogous copies were obtained from S. sphaerothorax. The high divergence among these four paralogs suggests the involvement of different alleles. Although Donovan et al. (2001) suggested that the soil-feeding ancestor of Apicotermitinae, Termitines and Nasutitermitinae presumptively acquired the bacterial community from ingested soil, we do not have sufficient data to prove that the feeding behavior of bacterial comb-growers might have induced this.
A shift has occurred from having an 'external gut' in the fungus-and bacterial comb-growers to having an 'internal gut' in the wood/lichen/grass/litter-and soil/litter-feeders. The inferred tree suggests a diphyletic relationship between the soil/litter-feeders and the wood/lichen/grass/litter-feeders. Noirot (1992) suggested that the major source of nutrient for soil-feeding termites is the bacterial-fermented aromatic humus compound, but later, Ji and Brune (2001) provided evidence that soil-feeding termites, Cubitermes orthognathus (Emerson), utilize plant and bacterial polysaccharides as well as microbial biomass as their nutrient source. Later, it was reported that endo-b-1,4-glucanase activity was not significantly different across the foregut, midgut and hindgut of soil-feeding termites (Li et al., 2013) .
Although Tokuda et al. (2004) predicted the next major branch to be the apicotermitines, sequences from this study suggested a strong separation between Pericapritermes and the other soil-feeders, indicating high nucleotide substitutions between these groups. According to Brauman et al. (2000) , ''genuine'' soil-feeders feed widely throughout the soil profile. and classified the ''wood/soil interface feeders'' as those that feed on highly humified but still recognizable organic matter. Donovan et al. (2001) have categorized Pericapritermes under group III feeders that feed on the organic rich upper layers of the soil, while Grigiotermes was placed under group IV feeders (true soil-feeders) that ingest mineral soil. Tokuda et al. (2004) showed that the majority of endo-b-1,4-glucanase activity in S. mushae occurs in the midgut, although its overall endo-b-1,4-glucanase activity was almost imperceptible when compared with that of lower termites. Regardless, it is retained in the genome despite its insignificance for soil/litter-feeders (Lo et al., 2011) .
Within the wood/lichen/grass/litter-feeding clade, the nasutitermitines were polyphyletic and the most distal groups, the lichen-feeders and the grass/litter-feeders were diphyletic. The high divergence among Globitermes and Amitermes paralogs also suggests the involvement of different alleles. This high level of substitution was probably due to the fact that the selection pressure on wood-feeders was more relaxed, thus allowing for the occurrence of multiple endo-b-1,4-glucanase paralogs to achieve increased resource utilization efficiency. Tokuda et al. (2012) reported that the concentration of endo-b-1,4-glucanase activity in the midgut of N. takasagoensis (1,475 ± 159 U/ml) was comparable to that of Coptotermes formosanus Shiraki (ca. 1,000 U/ml). Later, Li et al. (2013) confirmed that endo-b-1,4-glucanase activity is concentrated in the midgut of the wood-feeding termites N. parvonasutus Shiraki and Havilanditermes orthonasus (Tsai & Chen).
In summary, the deduced amino acid sequences from 41 endo-b-1,4-glucanase sequences obtained from 23 species of higher termites showed that they were similar to endo-b-1,4-glucanase in GHF9. The inferred tree suggests that the fungus-growing termites are the most phylogenetically basal group, while the wood-and soil/litter-feeding termites are the most distal groups. The bacterial comb-grower is sister groups with the soil/litter-and wood/lichen/grass/litter-feeders, and collectively, they form a separate clade from the fungus-growers. There are strong diphyletic relationships between endo-b-1,4-glucanases of upper layer soil-feeders and the other soil-feeders, and between the lichen-and the grass/litter-feeders within the wood/lichen/ grass/litter-feeding group.
To conclude, the evolutionary origin of the endo-b-1,4-glucanase remains uncertain because of the unavailability of complete coding sequences. However, Zhou et al. (2007) found evidence to support the idea of vertical transfer of GHF9 from a cockroach ancestor in R. flavipes (Kollar). Also, in N. takasagoensis endo-b-1,4-glucanase NtEG (GenBank Accession No. AB019146), identical intron positions between its GHF9 genes and those from two marine organisms suggested vertical transfer of this gene from a common ancestor (Lo et al., 2011) .
